Abstract: Nanotips are considered significant elements in some of nanotechnology instruments. They are used in scanning probe microscopes and electron microscopes to characterize materials at the nano and atomic scales. Therefore, the size and profile of the nanotip determines the performance of these microscopes. The advancement of nanotip fabrication techniques has enabled the fabrication of ultra-sharp tips and even single-atom tips. However, the characterization of nanotips with an apex of a few nanometers is still premature, while the conventional characterization methods of the tip size, such as the ring counting method, have shown some limitation at this nano scale. In this paper, we review the various nanotip fabrication methods with a focus on the most recent one, which is called the local electron bombardment method. We demonstrate an approach for estimating the nanotip radius with good approximation using ball crystal models. We also model the overall nanotip profile using finite element simulation tools based on the hyperboloidal geometry. The modeling and radius estimation approach is applied on tips fabricated by the local electron bombardment method, which will be explained in detail as well.
Introduction
The invention of the field ion microscope (FIM) > 65 years ago had allowed characterization of sharp tips with atomic resolution [1] . In FIM, the sample, which is a sharp tip, is placed inside an ultra-high vacuum (UHV) chamber in front of a phosphor screen. The tip is positively biased with a high voltage in the presence of an inert gas, like helium, inside the chamber. When the applied electric field reaches the ionization threshold (e.g. ≈5 V/Å when helium gas is used in the chamber), the gas atoms get polarized and then attracted to the tip apex. As the polarized atom settles on the apex surface, it gets ionized by losing an electron as it tunnels to the apex surface. Consequently, the positive ion is instantly repelled from the surface and then follows the field trajectory toward the screen. The position where the ions hit the screen accurately represents the atomic sites on the tip apex. A micro-channel plate (MCP), which is attached to the screen, intensifies the image brightness. Consequently, the produced FIM image can show the atomic structure of the tip apex [2] [3] [4] . The field emission microscope (FEM), which was developed earlier than the FIM, has a similar setup. However, the tip here is negatively biased and no gases exist inside the UHV chamber. Electrons will be emitted through a quantum tunneling process when the applied field reaches a value around 5 V/nm [5] . They follow the field trajectory where they eventually hit the screen. The electron emission current density varies according to the local work function of the tip surface atomic planes. Therefore, the resulting FEM image shows bright and dark zones. Figure 1 shows a schematic of an FEM [6, 7] . Due to the random lateral movement of the emitted electrons and the non-localized electron density, it is not possible to achieve atomic resolution with FEM.
Nanotip fabrication techniques
The importance of fabricating ultra-sharp tips with a good profile for various applications in nanotechnology has been the main motivation to develop reliable nanotip fabrication techniques. Several notable methods have been introduced. They are summarized in the following subsections.
Field surface melting and build-up
In this method, a high electric field (around 2.55 V/Å in case of tungsten tip) is applied on the tip, which reduces the activation energy of the surface atoms. Then, the tip is heated to a temperature that is a third of the bulk melting temperature. The atoms will then diffuse and build up on the tip apex where the electric field is enhanced. The formed nanotip here can be used as an atomic metallic ion emission source by controlling the tip temperature and the applied electric field. This will ensure continuous surface melting so that the atoms keep diffusing toward the apex where they successively get ionized. As a result, a continuous ion beam is emitted from the topmost end of the nanotip [8] [9] [10] [11] [12] .
Atom deposition on tips sharpened by ion sputtering
The tip here is first sharpened by ion sputtering, which leads to the removal of the tip surface atoms. The sharpening continues until the formation of a stable trimmer apex. After that, a metal atom is deposited on the trimmer apex using a metal evaporator [13] .
Tip coating with certain metals such as palladium
In this method, a (111) oriented tip is coated with a noble metal such as palladium where it gets adsorbed on the tip surface. This will induce anisotropy of the surface energy in the (111) plane. In this case, annealing the tip will cause surface atoms to diffuse and form pyramidal protrusion in order to settle in a low surface energy state [14] [15] [16] [17] . The nanotips prepared with this method are thermally stable and easy to reproduce, as the reproduction requires only tip annealing [18] [19] [20] [21] [22] [23] .
Controlled field-assisted gas etching
In this method, an etchant gas such as nitrogen is introduced in a UHV chamber while the tip is positively biased. The electric field on the tip apex is normally higher than on its shank. By taking advantage of this fact, the applied voltage on the tip can be adjusted such that the electric field on the apex is higher than the evaporation threshold of the nitrogen gas. Therefore, it will be confined to the tip shank surrounding. The nitrogen gas will dissociate and get adsorbed on the tip shank, causing the tip atoms to protrude out of their places. This protrusion will cause the electric field to enhance locally and exceed the evaporation threshold of the tip material, and leads to the tip atoms being evaporated locally. This process will continue to occur exclusively on the shank, and leads to the tip getting sharper, resulting in a single-atom tip (SAT) [24] [25] [26] [27] .
Local electron bombardment
This most recent method utilizes electrons emitted from a hot metal ring surrounding the tip to locally bombard the tip shank. The ring is made from one of the following refractory metals: tungsten, niobium, molybdenum, tantalum, rhenium, osmium, and iridium. In addition, the ring can be composed of an alloy of two or more of these mentioned metals. The ring diameter is about 2-4 mm. It is placed around the tip shank below the tip end and connected to a DC current source. The ring should be placed at least 1 mm below the tip that is connected to a positive DC highvoltage source. The electrons are extracted from the ring and accelerated along the electric field to hit the tip shank with high kinetic energy, causing atoms to be displaced from their position. Subsequently, these atoms will diffuse toward the tip apex where they either evaporate due to the apex high field or stay on the apex forming a pyramid-like or conical protrusion, thus increasing the tip aspect ratio. This method's setup is schematically illustrated in Figure 2 . The dashed lines represent the trajectory of the electrons emitted from the hot ring, whereas the solid lines represent the field lines directed toward the MCP [28] .
Local electron bombardment has several advantages over the previous methods: 1. The method does not depend on certain surface or crystal properties of the tip material. Therefore, it can be used with any tip consisting of metals or heavily doped semiconductors. Also, it can be used with materials of any crystal orientation, polycrystalline materials, or even amorphous materials. 2. The process only involves controlled bombardment of the tip with electrons. No gases or foreign materials are involved in the fabrication process, and thus it can be considered as a clean method. 3. The method can be performed blindly, i.e. without the need for FIM. This will simplify the tip restoration process and any unnecessary contamination resulting from transferring the tip to the FIM is avoided. 4. The method allows the sharpening process to be performed while monitoring its progress in FIM. This allows good control on the shape of the produced tip. The supply of the imaging gas is slightly reduced in order to avoid its interference with the electrons that are bombarding the tip. 5. The atom diffusion toward the tip apex during the fabrication process will increase the tip aspect ratio, which is an advantage for any fabricated tip.
Experimental procedure and results
The initial tip is fabricated from a clean tungsten wire with a radius of 0.25 mm. As the local electron bombardment can work with any crystal orientation, the tungsten wire used here is polycrystalline, which is considered inexpensive compared to single crystal wires. The wire is initially sharpened using AC chemical etching method by placing it in a thin film of KOH solution [29] [30] [31] [32] [33] . The tip resulting from this process is typically in the range of 10-50 nm, which is good enough for the FIM imaging process with an applied tip voltage around 5-30 kV. The initial tip is then transferred to the FIM UHV chamber for further cleaning. The tip is annealed (at around 1500-1800 K) for 15-20 min to remove any contaminations and oxide layers. Then, the tip is set for the field evaporation process in FIM where it can be cleaned from any roughness or defects until a smooth tip apex surface is obtained. For performing this process, an inert gas such as helium is introduced into the chamber to serve as an imaging gas. The voltage is increased gradually so that the electric field produced by the tip reaches the imaging field where the tip atomic structure appears on the screen. Then, we increase the tip voltage gradually to remove any protrusions or defects, by field evaporating the tip atoms until a clean and smooth tip apex is obtained. At this stage, the tip is ready for the sharpening process, and the applied voltage is reduced slightly to maintain the field at the threshold FIM imaging value. The ring around the tip is then connected to a current source. The current is carefully increased while monitoring the ring color until reaching a temperature to cause a Schottky field emission (1800-2000 K). During the sharpening process and as the tip gets sharper, the electric field produced by the tip increases. As a result, the applied voltage is gradually decreased to maintain the threshold electric field at the imaging value in order to avoid evaporation of atoms from the center of the apex. Moreover, the current passing through the metal ring can also be adjusted in order to control the ring temperature, and hence the extracted electrons. This will help in optimizing the sharpening process. Figure 3 shows a sequence of FIM images while using the local electron bombardment method to fabricate a SAT. The process starts with an initial clean tip of around 16 nm, as estimated from Figure 3A using the ring counting method [1] . Moreover, the tip apex structure indicates that it is slightly tilted from the (110) orientation. However, the planes can be recognized using the standard stereographic projection maps of the bcc structure [1] . During the fabrication process, the ring current is set to 1.4 A. This results in heating the ring to a temperature of about 1800 K. Also, helium gas is introduced in the chamber at a pressure of 10 -5 Torr. The initial tip, which is shown in Figure 3A , was imaged at around 8. Figure 3 are imaged at 6.4, 5.0, 4.1, and 3.6 kV, respectively. The image sequence shows that the tip apex gets smaller over time until reaching a singleatom apex (as shown in Figure 3F ). The SAT is imaged at 2.5 kV. It can be realized from the image sequence in Figure 3 that the apex size gets smaller and the atoms are magnified, which indicate the tip sharpening. Another indication of the tip sharpness is the continuous reduction of the voltage required for imaging of the tip apex. The SAT shown in Figure 3F was also tested in field emission mode. This resulted in a bright and confined electron beam, as shown in Figure 3G . The field emission shown in this figure was obtained at -300 V.
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Nanotip modeling and radius estimation
Modeling the atomic structure of the nanotip is a useful way to estimate the tip shape and size [34] [35] [36] . The threedimensional ball model is generated by building a bcc cubical structure knowing the atom size and the lattice constant of tungsten. Then, a spherical cut is taken from this structure with an appropriate radius in a way to reasonably reproduce the apex surface atomic structure. Figure 4A and B show two FIM images with different sizes. Figure 4A was imaged at 4.8 kV, whereas Figure 4 was imaged at 5.4 kV. The ball model to the right of each image, namely Figure 4C and D, represents the corresponding FIM images by locating most of the surface atoms on the apex with the same number of steps (rings) and atomic configuration. It can be realized from the FIM images in Figure 4 that not all the atoms in the spherical model appear in the FIM image. This is because the overall shape of the tip follows a hyperboloidal geometry rather than a spherical geometry. Figure 4E schematically illustrates the hyperbolic shape of the apex. The apex part, which is labeled in blue, only represents the FIM image. The dashed part in the figure does not exist in the FIM image. The electric field on the shank is below the imaging field threshold. Therefore, the shank, which represents the dark region around the FIM image, does not show. In addition, in such small tips, some atoms from the apex surface may evaporate due to the local field enhancement that exceeds the imaging field and reaches the evaporation field threshold. Some other atoms can get dislocated from their regular position due to the field stress. As a result, very few atoms are either added or removed from their lattice position to match the FIM atomic image. There are also some atoms displaced from their lattice positions due to the high electric field on the apex.
Modeling the tip atomic structure (as illustrated in Figure 4 as an example) will provide a more accurate method to estimate the tip radius for relatively small tips. For broad tips, > 5 nm radius, the size of the tip apex is usually estimated using the "ring counting method," as we describe briefly here [1] . This method utilizes the angular separation (θ) between two identified poles of selected atomic planes to obtain the radius of curvature of the nanotip apex (R). Figure 5A illustrates this method by showing a lateral view of a tip apex with planes (hkl) and (h′k′l′) separated by θ. Due to the crystallographic nature of the tip structure (bcc in this example), the tip apex will show a number of atomic steps (n) when moving from (hkl) to (h′k′l′) plane, as shown in Figure 5A . The atomic layers (steps) are separated by a spacing (s), which is given by the following equation for cubic crystals: 
where a is the crystal lattice constant and δ is a constant depending on the three miller indices h, k, and l. For the bcc crystal structure, δ is 1 if h+k+l gives an even number, while δ is 2 if h+k+l gives an odd number. The radius R can then be computed from the dashed triangle in Figure 5A as
The atomic steps represent the edges of atomic planes on the apex crystal structure; as a result, they will have a relatively higher electric field than other atoms within the same plane. Those edge atoms will consequently appear brighter and form round rings in the FIM image, which can be used as a guidance to count the number of steps between the planes. A model of a tip with a radius of 10 nm is shown in Figure 5A as an example of applying the ring counting method to estimate the tip radius. The (110) plane and (121) plane are selected here to calculate the radius of curvature. Those planes are highlighted in red. The figure shows that there are six steps from the (110) plane to the center of the (121) plane. By substituting the number of steps in Eq. (2), we get a radius of 9.6 nm, which shows an around 4% difference from the actual radius of the model.
The ring counting method can be applied with a reasonable accuracy for relatively large tips. As the tip gets smaller, the percentage error resulting from applying this method increases. For example, if we apply the ring counting method on the ball model in Figure 4D (which is shown again in Figure 6 ), we count 7.5 steps from the (110) plane to the center of the (011) plane. Substituting the number of steps in Eq. (2) gives a radius of 3.35 nm. Comparing this value with the radius of the model in Figure 4B , we see a difference of around 11%. Also, as the tip gets smaller, it shows less number of planes, which limits the selection of the best planes for accurate application of the ring counting method. Furthermore, for tips < 3 nm, we can only recognize the top atomic plane. It is clear that if an accurate estimate of the tip radius is needed, especially for relatively small tips ( < 5 nm), modeling the tip atomic structure (as illustrated in Figure 4 ) has to be performed.
Finite element simulation of the nanotip profile
Tip radius estimation is used to determine the tip's sharpness. However, this provides an estimation of the apex size only but gives no information about the tip profile. The base size is significantly important because it affects the value of the electric field generated by the tip at a certain applied voltage. A nanotip with a large base cannot generate the electric field expected from such nanotip size at the same applied voltage [7, 37] . Finite element simulation (FES) is useful here to characterize the overall tip profile [38] . As indicated in Figure 4 , the tip's overall shape follows a hyperboloidal geometry. Therefore, we select the elliptic coordinate system to draw our FES model. Figure 7 shows a schematic of the FES model where the tip base (u o ) and the nanotip are drawn according to the hyperbolic profile. Another hyperbolic profile (u) is drawn 200 nm away from the tip to represent a boundary condition, which is needed for meshing purposes.
The profiles are drawn according to the following equations of the elliptic coordinate system [39] : 
where L is the distance between the center of the tip base and the screen. To find u o , we set ρ = 0 in Eq. (4). This leads to v = 0. Then, we substitute v in Eq. (3) and we get
where z = L-R. To plot the profile for u o , we use Eq. (4) to find each value of v that corresponds to ρ and then substitute these values in Eq. (3) to get z. The same method is applied in order to find the nanotip profile and the boundary profile. For simulating the electric field, we apply a boundary condition as follows: for the tip profile, we use the actual applied voltage, whereas the voltage at the 200 nm boundary is calculated using the following equation [39] :
The height of the nanotip is adjusted on the base profile in order to get the threshold field (5 V/Å), as illustrated in Figure 7 .
We have applied this approach on different nanotips during the field evaporation of the tip atomic layers for the SAT fabricated in Figure 3 . Figure 8 shows FIM images of the tip during the field evaporation process, and their corresponding FES model at each stage. The FIM images were imaged at 2.7, 3.2, 3.9, and 8.8 kV, respectively. The ring here is disconnected and has no role in the evaporation process. The model shows the overall tip profile as it gets smaller during the destruction. Figure 8D shows the base only as the nanotip is completely destructed at this stage. The profile plots next to the FIM images in Figure 8 show the FES models at different stages, which show the evolution of the tip shape until the entire nanotip is removed and reaches the tip base. The FES models for the nanotips in Figure 8A -C show around a 3 nm reduction in height, which is equivalent to around 13 atomic steps.
Conclusion
The local electron bombardment method is a new approach for fabricating ultra-sharp tips and SATs. This clean method has avoided the limitations of the previous methods and can tangibly improve the techniques of nanotip fabrication. Creating ball models is useful for estimating the nanotip apex size, especially for ultra-sharp tips (nominally < 3 nm in radius) where the ring counting method does not give an accurate estimation to such tip radii. Both the nanotip apex and the tip base size significantly affect the amount of produced electric field. Therefore, we have utilized the FES analysis to use this effect to simulate the overall nanotip profile based on the applied voltage required to create the same threshold field on the base and the nanotip.
